This report deals with a performance test on a pressurization smoke control System at the first large-scale shopping store in which installed it. If a fire breaks out in the store, it controls the smoke movement not to leak the smoke into the other compartment, other floors and vertical shafts by pressurizing their air. Generally speaking, it was difficult to use the system at a large-scale shopping store because of difficulty with getting enough airtight there. But we could get enough it by an adequate management from the stage of construction. The performances of the system, for example the airtights, the performances of smoke extraction devices and pressure devices and the differences of pressures between fire compartment and other compartments or vertical shafts, were mostly confirmed through the test.
INTRODUCTION
Pressurization smoke control systems are widely implemented in multistoried office buildings. The system raises the air pressure inside spaces that serve as evacuation routes, such as corridors and attached rooms, and vertically connected spaces through which smoke spreads to the other stories with fresh air during a fire and prevents smoke from entering into the spaces by the pressure differences. The system can protect the evacuation routes and vertically connected spaces longer than conventional smoke exhaustion systems and thus assists safe evacuation of people.
Unlike in office buildings, the majority of people in large shopping buildings, such as department stores and shopping malls, are unfamiliar to the space and include the elderly and children. There are also quantities of flammable objects in such a space.
Thus, a large space that is protected from smoke is needed where people can find temporary shelter just by moving horizontally. In many large shopping buildings, each story is divided into two ( Figure 2 ). Using one of the spaces as an evacuation space that is protected from smoke over a considerable period of time should be an effective safe evacuation method in large shopping buildings.
To actualize such a space, the authors developed a concrete pressurization smoke control system that raises air pressure between the site of fire and the surroundings by supplying air to them, implemented the system in a large shopping building for the first time in Japan.
In the designing stage of the system, the amount of air supply from the system sufficient for securing the specified pressure differences between the spaces during evacuation, which involves opening and closing of doors, was investigated by estimating the effective aperture areas around selling spaces and using a smoke flow prediction model. To contribute to the deployment of the system and its design in large-scale shopping stores, the authors verified the performances of the system through experiments in a large shopping building [1, 2] . Namely, they monitored the pressure differences between spaces in the building, in which the system was operating at diverse door conditions, the results of the experiment showed that the pressure differences between spaces in a large shopping building can be precisely predicted using a smoke flow prediction model in consideration of the effective aperture areas around "selling spaces".
In this paper, "selling spaces" are assumed to consist of the ceiling, floor, walls, and joints.
STUDIES IN THE PAST AND OBJECTIVES OF THE STUDY
The pressurization smoke control system has little been implemented in shopping buildings. Kadoya et al. [3] proposed a system that raises air pressure inside selling spaces and attached rooms. A new system was developed that raises air pressure in a large space, including selling spaces, the story above the site of fire, and indoor staircases (and their anterooms and attached rooms).
The performances of the new system in creating pressure differences between spaces have not been tested in an actual shop for the condition that doors are opened and closed by evacuation. The actual pressure differences should be understood and the performances and characteristics of the systems should be tested in an actual building.
To determine the air supply and discharge needed by a pressurization smoke control system, effective apertures have been measured in office buildings [for example, 4
and 5]. However, shopping buildings differ from office buildings in structure and have no windows, and effective apertures that affect air flow calculations for "selling spaces" are not understood. Since there are no windows, vertical ducts are needed for exhausting smoke and relieving pressure after the mechanical smoke exhaust stops.
However, effective aperture areas of vertical ducts have not been measured although the measurements serve as standards in drawing up system plans. Thus, these should also be measured in actual buildings.
Moreover, the feasibility of the model for predicting the flow of smoke, which is used to assess the safety when plans are drawn up, has been investigated in office buildings [4, 6] but not in actual shopping buildings.
In this study, tests were conducted to verify the performances of pressurization smoke
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control systems in an actual building aiming to contribute to the future deployment of the system in shopping buildings. The study revealed:
1) The characteristic pressure difference range of an operating pressurization smoke control system for each mode and scenario,
2) The effective aperture areas near "selling spaces" and vertical ducts for exhausting smoke, and
3) The precision of prediction of the method for predicting the flow of smoke, in which the effective aperture areas of slits and the vertical ducts are considered.
OVERVIEW OF THE ARCHITECTURAL PLANNING AND DISASTER-PREVENTION PLANS
An overview of the building, which consisted mainly of a shop and had the pressurization smoke control system introduced, is shown in Table 1 . Its typical floor plan is shown in Figure 2 .
The first and third stories of the building are evacuation floors. There are six indoor evacuation staircases and one outdoor evacuation staircase on the third and higher stories. Sprinklers are installed in selling spaces. Each story is divided into two zones, each of which is smaller than 3,000 m 2 .
Table 1 Overview of the building (Building T) installed with the pressurization smoke control system
An evacuation plan was drawn up so as to trap smoke in the selling space where a fire occurred (hereinafter referred to as the "fire zone") and use the other zone (non-fire zone) for temporary shelter and a center of firefighting activities over a considerable period of time by utilizing existing fire partitions. In other words, the plan aimed for safe horizontal evacuation.
OVERVIEW OF THE PRESSURIZATION SMOKE CONTROL

SYSTEM
The system ensure the safety of evacuation and firefighting activities by supplying fresh air into the non-fire zone, indoor staircases, and the story above the fire zone, and prevent smoke from spreading by pressure differences. To prevent smoke from leaking from slits on the ceiling by rises in air pressure in the story of fire, air is supplied to the above story to raise its air pressure.
The system changes its mode corresponding to the progress of fire.
System constitution
The constitution of the system is shown in Figure 1 , and its design specifications are shown in Table 2 .
Anterooms were constructed between selling spaces and outdoor and indoor staircases to enhance the closure between the spaces and staircases. The system is to operate during a fire in all vertical shafts of the building, including indoor staircases, escalators and elevator shafts.
The openings of the vertical ducts for exhausting smoke were installed at the top to relieve pressure. Air intake openings were constructed in each story near the inlets to ducts to reduce resistance and facilitate the intake of smoke. Special shafts for the ducts were constructed to avoid the hot smoke from diffusing from the ducts to the other stories. The shafts are installed with double dampers that are closed during normal times.
Characteristics of the modes of the system
(1) Ordinary mode ( Figure 1a )
In this basic mode, smoke is blocked within the fire zone. The system prepares itself by a fire alert and forms fire limit. It is moved by opening the fire-smoke exhaust inlet of the fire zone or by remote control from the fire protection center. In the fire zone, smoke exhausters operate to delay the sinking of the smoke layer. After the evacuation form the fire zone is completed, the fire layer is kept above the height of the wicket doors. Air is supplied to the non-fire zone and the story above the fire zone using air conditioners to raise the air pressure. Air is also supplied to indoor staircases, lobbies of emergency elevators (hereinafter referred to as the 'elevator lobbies'). The air pressure inside anterooms and attached rooms is also raised indirectly through bypass ducts.
The system creates positive pressure inside non-fire zones, anterooms, attached rooms, and the story above the fire zone from that in the fire zone and prevents smoke from entering at the initial stage of the fire. When smoke leaks into non-fire zones, the system is switched to this mode, in which smoke is blocked in the story of the fire. Air supply to indoor staircases, elevator lobbies and the story above the fire zone is continued. When smoke escapes into a non-fire zone, by opening the fire-smoke exhaust inlet automatically by signals from the smoke detector in the non-fire zone or remotely from the center, the air supply to the non-fire zone on the story of fire is discontinued, and smoke exhausters start operating.
In this mode, the system delays the sinking of the smoke layer in the non-fire zone.
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After the evacuation form the fire story is completed, the fire layer is kept above the height of the doors of anterooms and attached rooms. Positive pressure is kept in the anterooms and attached rooms from that in the selling zones to prevent smoke from entering. In this mode, the system prevents smoke from spreading to stories other than the fire story even when the smoke exhaust fans are damaged by heat. There are Smoke
Exhausting Mode 1, which switches from the smoke leaking mode (Figure 1b) , and Smoke
Exhausting Mode 2, which switches from the ordinary mode ( Figure 1a ).
In the smoke exhausting modes, the pressure relief valves on the top of the vertical ducts for exhausting smoke are opened, from which smoke is discharged. In this way, the system keeps the pressure in anterooms, attached rooms, and the story above the fire zone higher than that in the fire zone in Smoke Exhausting Mode 1 and the pressure in anterooms, attached rooms, the story above the fire zone and the non-fire zone higher than that in the fire zone in Smoke Exhausting Mode 2, and prevents smoke from spreading into these areas.
(a) Ordinary mode, smoke exhaust mode 2 (b) Smoke leaking mode, smoke exhaust mode 1
Notes: The air pressure in the non-fire zone and the story above the fire zone was raised using air conditioning fans through ducts connected to the outdoor air. Open arrows in the figure denote air supply, and dark arrows denote smoke exhaustion. 
Figure 1 Constitution of the pressurization smoke control system
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OVERVIEW OF THE EXPERIMENT FOR CHECKING THE PERFORMANCES
Objectives of the experiment
The experiment was conducted to check whether the system had the necessary performances in all modes for each of the assumed door conditions in an actual shopping building of the assumed design.
Methods
Ordinary, smoke leaking, and smoke exhausting modes 1 and 2 were tested in the building just before its completion. Tests were conducted on the fifth story, which was a typical floor ( Figure 2 ).
Pressure differences between rooms, air velocity in the ducts, indoor temperature, and the wind velocity at the roof top were measured. The pressure differences were measured using a micromanometer, the air velocity in the ducts were monitored using hot wire anomometers, and T-type thermocouples were used to monitor the temperature.
Measurements were conducted at intervals of 2 seconds. The points of measurement are shown in Figure 2 . The air velocity was monitored in the vertical ducts for exhausting smoke and air supply ducts in the non-fire zone, the story above the fire zone, indoor staircases and the elevator lobby. The air velocity in the vertical ducts was monitored at the duct cross sections on the sixth and fourth stories.
The contents of the experiment are shown in Table 3 for each mode. In the ordinary mode, a mock fire was produced (about 400 kW) for a duration of about 440 seconds.
The assumed characteristics of the scenarios tested are shown in Table 4 . 
A Demonstrational Test of Pressurization Smoke Control
RESULTS AND DISCUSSION
The measured heights of the smoke layer and the differences in pressure between rooms are shown in Figures 3 to 6 . The pressure differences are between the anteroom of Staircase A, the anteroom of Staircase D, the story above the fire zone, and the fire zone.
The height of the smoke layer was measured at two points in the northern selling space and is shown in N% [8] (N=20) together with the vertical temperature distribution. The height was also checked visually. The dotted lines in the figure denotes the separation between experimental scenarios.
On the day of testing the ordinary, smoke leaking and smoke exhausting modes, the wind blew from the north at about 5.0 m/s, and the wind was from southeast at about 6.0 m/s on the day of testing the smoke exhausting mode 2.
Height of the smoke layer
Point T3 was 40 m from the point of fire, and T4 was 15 m from the point. As shown in Figure 3 , the smoke layer sank in about 30 seconds from the start of the fire and spread horizontally at a speed of 0.5 m per second (T4). On the other hand, the smoke layer started to stabilize high at about 100 seconds, when the smoke reached T3. The smoke spread to the entire space beneath the ceiling of the northern selling space in about 120 seconds after the start of the fire.
The smoke layer dropped to about 1.8 m at 120 to 220 seconds (T4). This was likely because the door to the anteroom of Staircase A was open and the wind from the anteroom pushed the smoke. Besides at such local points, the smoke layer was kept at 2.2 m or higher in the fire zone during evacuation.
On the other hand, at T3, the smoke layer was low until about 100 seconds from the start of the fire. Figure 3(b) shows the temperature measurements at T3 at 80 seconds 224 M.HIROTA, H.MIZUOCHI and S.KAKEGAWA from the start of the fire. As the measurement shows, a slight vertical temperature distribution was formed at the space lower than 2 m even when the smoke had not reached and the fire was just started. At 80 seconds after the start of the fire, the temperature distribution was almost the same, showing that the smoke had not reached before 100 seconds after the start of the fire. 
Power needed to open doors while the system operated
In the smoke leaking mode, in which smoke was mechanically exhausted, pressure differences larger than our expectations were observed between anterooms and selling spaces. Since users can be the elderly, the doors should be adjusted based on the experimental results so that they can be opened with little power.
The power F for opening the doors was calculated using 
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MEASURI NG T H E EFFECT IVE AP ERT URE OF T H E SELLING SPACES
Methods
Measurement was conducted on the fifth floor. The aperture of the "selling space"
(selling space is about 5,500 m 2 ) was measured. The aperture of the selling space plus the aperture of the fire doors.
Major items measured were the pressure difference between the selling space and the outdoor (P11, P17 and P24 in Figure 2 ), the velocity of the air in the vertical ducts for exhausting smoke, and the temperature at indoor staircases and the elevator lobby (T11 to T17). Measurement was conducted at 2-second intervals for a period of 2 minutes. 
Conditions of the selling space during measurement
(1) Major constituents Materials around the selling space through which apertures could be formed are shown separately for walls (exterior walls and partitions), doors and facilities.
The walls of the "selling space" are shown in Table 5 and the dimensions of wall materials are shown in Table 6 . Use of additional measures for blocking moisture of the walls besides ordinary measures for closing apertures, materials and structures is also
shown. The percentages in the table denote the ratio of the wall length on plan to the periphery of the selling space.
Most of the doors were either fire doors or fire and smoke shutters. Doors to anterooms, elevator lobbies, and attached rooms that also serve as elevator lobbies were fire doors. Fire and smoke shutters were installed at elevators, escalators and Staircase D. Table 5 Walls of the "selling space"
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Table 6 Dimensions of wall materials (per panel)
The holes on walls and floors through which pipes and ducts pass were filled with mortar. Toilets were filled with water. Air conditioners on each story and toilet fans were all turned off. The fire and smoke blocking dampers of the ducts were closed. It was possible that there were small apertures around the dampers.
(2) Walls and wall joints, walls and slab joints Principal apertures were likely to exist on the walls and wall joints, walls and slab joints. In this building, an additional measure for blocking moisture was applied on wall joints as well as ordinary measures, both of which are organized in Table 7 together with the constituents of the joints. Type 11 was not used in this building.
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Table 7 Major constituents of wall joints and measures taken
The joints of precast concrete panels were treated with fireproof joint and double fireproof gaskets as in other ordinary buildings. There was a clearance of about 40 mm between a precast concrete panel and the slab, which was filled with rock wool as an ordinary measure. Possible additional measures for blocking moisture include semi-wet rock wool spraying after filling the space with rock wool and covering the rock wool with mortar filling. Glass fiber reinforced panels and extruded cement panels were similarly treated.
The same ordinary measure as that for precast concrete panels were taken for joints between light weight cellular concrete panels for exterior walls. The ordinary measure for joints between light weight cellular concrete panels and the slab was filling the upper edge of the concrete panel with rock wool. As additional measures, sealing compounds and mortar were grouted into the lower edges of the concrete panels.
The light weight cellular concrete panels of the partitions are usually jointed intact.
As an additional measure, sealing compound was grouted to the joints. As an ordinary measure, RW was grouted to the upper edges of the panels at the joints between the panels and the slab. As an additional measure, either sealing compound or mortar was grouted into the lower edges of the panels.
The interior of the wall was finished by lining with boards of 12 mm thickness. The floor was also finished. 
Results and discussion
(1) Effective aperture of the "selling space"
The air flow through all apertures combined from the rooftop to the fifth floor was assumed to be equal to the discharge by mechanical smoke exhaust. The apertures were assumed to be simple orifices, and the effective aperture area was calculated using:
(2)
Figure 8 Relationship between q and (2ΔP/ρ)0.5 [m/s]
The relationship between the air flow q within vertical smoke exhaust ducts and (2ΔP/ρ) 0.5 for each 2 seconds is shown in Figure 8 . The inclination of the line that connects the means of all plots and the origin is αA, which was 1.81 m 2 . As the pressure difference ΔP between the selling space and the outdoor, the mean of the measurements at P11, P17 and P24 was used. ρ is a value calculated from the mean of T11 to T11. q is the value determined by subtracting the air flow through the vertical ducts on the fourth story from that on the sixth story.
(2) Estimating the effective aperture areas of the "selling space"
The actual aperture of fire doors could not be measured. Thus, the flow index of a fire door was assumed to be 0.0043 m 2 /m 2 [4] and that of a fire and smoke shutter to be 0.0005 m 2 /m 2 [11] based on the measurements in the past. The total effective aperture area of the doors was thus 0.27 m 2 , and the total effective aperture area of the "selling space" was estimated to be 1.54 m 2 . The flow index, which was calculated by dividing the effective aperture area of the "selling space" by its floor area, was 0.00028 (= 1.54 m 2 /5,500 m 2 ). This is 2.3 times higher air tightness than that in rooms of an office building used for designing (0.00066 [4] ). The high air tightness was attributable to the moisture blocking measures taken between the slab and exterior walls.
As described above, the moisture blocking measures can double the air tightness.
Thus, the flow index of the "selling space", which was determined by measurements, is likely applicable to selling spaces in which the clearances between slabs and walls are treated.
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MEASURI NG T H E EFFECT IVE AP ERT URE OF T H E VERTICAL DUCTS FOR EXHAUSTING SMOKE
Methods
The effective aperture of the vertical ducts was measured during the experiment of the smoke exhausting mode 2.
The measurement was conducted on the effective aperture of the vertical duct for exhausting smoke in the northern selling space (From the ceiling surface of the selling space to the pressure relief opening at the top). Major items measured were the pressure difference between the selling space and the outdoor (P24), the air velocity inside the vertical duct, and the temperature in the ceiling chamber (T19 to T21). The measurement was conducted at 2-second intervals for a period of 2 minutes.
The measuring conditions were the same as those in Scenario 12 of the smoke exhausting mode 2.
Results and discussion
The mean of q in the fire zone was calculated as in 7.3 and was about 31,700 m 3 /h.
ΔP was assumed to be 25.09 Pa, which was the mean at P24. The mean of the values at T19 to T21, 22.40℃ , was given as ρ. From Equation 2, the effective aperture area αA was 1.36 m 2 .
The sectional area of the vertical duct was 2.275 m 2 . Assuming the aperture to be a simple opening, the flow index was 0.6 (= 1.36 m 3 / 2.275 m 2 ). Thus, the ventilation resistance of the vertical duct was small.
PREDICTING THE FLOW OF SMOKE
The flow of smoke during the smoke exhausting mode 2 was predicted.
Feasibility of the model for predicting the flow of smoke
The feasibility of the model was investigated by comparing the predicted and monitored pressure differences between spaces.
(1) Simulation methods A steady one-layer zone model meeting multi spaces was used to predict pressure differences and the flow of smoke. The conditions shown in Table 8 and Figure 9 were set. were slightly large in Scenario 12 and slightly small in Scenario 13. As the whole, the predicted results agreed with the results of the experiment. Thus, the one-layer zone model was shown to be effective to predict the pressure differences among spaces also in a shopping building when the pressurization smoke control system is turned on by considering the effective aperture area using a network model. Table 9 Comparison between measured and predicted pressure differences
Predicting the flow of smoke at peak fire
The fire safety of the completed building at peak fire was investigated by simulation, which is difficult by experiments.
(1) Methods of simulation analysis
An one-layer zone model was used to predict the safety at peak fire by considering the pressure differences at the smoke barriers, the effective aperture area of the "selling space" and the effective aperture of the vertical ducts for exhausting smoke.
The temperature of the fire zone at the peak fire was calculated using:
It was assumed that one of the wicket doors failed to close. The aperture areas of this wicket door, between zones and around the fire zone were assumed to be the opening between the fire zone and the outdoor to calculate A RO h RO 0.5 . τ was put as 1,600 seconds, which is the time needed for evacuation from the entire building determined by a disaster prevention plan. During this period, the temperature in the fire zone rose by 250℃ .
Assuming that the temperature in the fire zone was uniform, the pressure differences were calculated at the upper edges of the wicket door and the door to the anteroom of Staircase A for cases shown in Table 10 . Case 1 was decided based on the temperature and other preliminary conditions of Equation 3. Case 2 was for relatively high temperature even when fire zones are established. In both cases, the other conditions were those used for Experimental Scenario 12. Table 10 Simulated cases (at peak fire) (b) Results (Table 11) As shown in Table 11 , there was positive pressure differences between spaces surrounding the fire zone and the fire zone at the upper edges of the doors, suggesting that the risk of smoke spreading from the fire zone is small. Table 11 Predicted pressure differences at smoke blocking lines at peak fire
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S U M M A R Y O F T H E I N V E S T I G AT I O N S O N P L A N ELEMENTS OF THE PRESSURIZATION SMOKE CONTROL SYSTEM
This paper described the contents of a pressurization smoke control system for large shopping store buildings and the results of their performance experiments. The experiments revealed that:
1) The system showed the pressure differences among spaces that satisfied the blocking performance assumed when the system was planned in all modes and scenarios, in which the door closure conditions differed.
2) The effective aperture area around the "selling space", which was unknown, and the effective aperture of the vertical ducts for exhausting smoke were estimated.
Application of air leakage control measures reduced the flow index to one half of that in rooms of office buildings, which was used as a set value.
3) Giving these aperture data to a network model consisting of openings and spaces enabled the pressure differences among spaces in a shopping building to be precisely predicted using a smoke flow prediction model (one-layer zone meeting multi spaces). 
SYMBOLS
